Background: We aimed at facilitating percutaneous radiofrequency ablation (RFA)
| INTRODUCTION
Hepatocellular carcinoma (HCC) accounts for up to 90% of primary liver cancers. Percutaneous radiofrequency ablation (RFA), a commonly used technique for minimally invasive treatment, has emerged as an alternative to open surgical resection for HCC. 1 RFA has been shown to achieve effective and reproducible local tumor control with minimal morbidity in patients with small HCC. In a typical RFA routine, the surgeon uses measurement tools to determine an optimal needle trajectory to the target tumor volume on preoperative computed tomography (CT) images and mentally estimates the resulting ablation zone. After the rough planning, the surgeon inserts the radiofrequency needle manually with an ultrasound navigation system. RFA destroys tumor by the heat generated from a high-frequency alternating current (in the range of 350-500 kHz). The heat generated in the tissue causes coagulation necrosis of the tumor, resulting in tumor cell death.
For large liver tumors, which can grow up to 10 cm, multiple ablations are required to fully destroy the tumor. Recent studies 2, 3 indicate the potential of RFA treatment for large tumors, and its success depends on careful planning and accurate needle insertion. However, it is difficult for surgeons to perform multiple RFAs percutaneously due to a lack of quantitative planning and the poor quality of the feedback image during the procedure. In addition, accurate and consistent needle insertion for multiple RFAs is difficult for the surgeon to achieve.
A variety of studies [4] [5] [6] on RFA treatment planning have been reported to address the planning issues. However, these studies focused on small tumors where a single ablation is sufficient to cover the whole tumor. Earlier work on RFA planning for large tumors assumed that the large tumor was spherical and used a few small spheres to fill the large tumor sphere. Each small sphere represents an approximated thermal coagulation necrosis of a single ablation. 7 Following this idea, recent work typically approximated a single ablation region as an ellipsoid 8 or sphere 9, 10 and merged a few ellipsoids or spheres to enclose the large tumor with an arbitrary shape, achieving overlapping ablation planning. Furthermore, numerical simulations based on the finite element method have been developed to obtain a more accurate estimation of the ablation zone, [11] [12] [13] which is more complex and may, however, result in long computation times in the range of hours. 14 With advancements in hardware, graphics processing unitaccelerated real-time RFA simulation has been presented. 15, 16 Currently, these studies have focused on relatively small tumors, and there is limited work on overlapping ablation planning of large tumors based on bioheat equation simulation, which is a more challenging task.
Moreover, recently robots were adopted to increase the accuracy of needle insertion through image guidance. Abdullah et al 17 reported
their early experience of performing RFA on the liver using the ROBIO EX workstation. Koethe et al 18 performed a phantom study of percutaneous biopsy and ablation using robotic assistance under CT guidance for RFA with the robotic interventional radiologist assistance platform (MAXIO; Perfint Healthcare, Chennai, India). These studies show the advantages of robotic platforms to assist RFA treatment. In addition,
Yang et al 10 proposed a robotic ablation system for large tumor treatment, which combined a robot and a voxel growing algorithm to achieve ablation spheres that enclosed the whole tumor. However, the authors neither considered avoiding key anatomical structures nor performed quantitative evaluation in the planning. In addition, robotic single-port access surgery has been successful in many types of surgery. 19, 20 Compared with surgery with multiple-entry points, robotic single-port surgery benefits patients with fewer port-related complications, less recovery time, less pain, and minimal scaring.
In this paper, we were motivated to achieve successful RFA treatment for large tumors from a single incision port (SIP). We proposed a personalized and quantitative RFA planning method to obtain multiple needle overlapping ablation planning through a single incision and designed a robot that could perform the single-port surgery according to the planning. We built a prototype system and performed ex vivo and in vivo experiments to validate the system's performance and feasibility.
| MATERIALS AND METHODS

| Planning
After CT scanning, the liver was segmented using the method in Dou et al, 21 while tumor and haptic vessels were manually segmented with the open source software 3D Slicer. 22 After image segmentation and reconstruction, we obtained the 3D model of the liver, tumor, ribs, and haptic vessels. Similar to the work in Yang et al, 10 we approximated the thermal coagulation necrosis of single needle ablation with a sphere. Then, our planning goal was to find a proper SIP on the skin and the least number of ablation spheres to completely enclose the tumor with an arbitrary shape, minimize coverage to the healthy tissue, and make the insertion paths (lines from the SIP to the center of each ablation sphere) avoiding key anatomical structures. Specifically, we extracted two key evaluation criteria for a successful planning:
Criterion 1 (C1): the tumor (with a 5-mm margin added) should be enclosed completely with as few ablation spheres as possible.
Criterion 2 (C2): the multiple needle insertion paths (lines between the insertion point and the ablation targets) should not go through ribs and large hepatic vessels.
We proposed a 3D interactive planning software with an efficient graphical user interface based on the patient-specific 3D model. The software interface is given in Figure 1 . First, the surgeon chooses a proper axial image of the CT volume data and sets an insertion point on the skin initially, as seen in Figure 1 Specifically, letting T denote the tumor volume with margin added and S i denote the volume of the i-th ablation sphere, we can obtain the total volume A of all the ablation spheres,
where N is the number of packing spheres, ie, the number of ablations.
Similar to Ren et al, 9 we define AC and over-ablation as follows:
When C1 is fulfilled, the ablation sphere centers are considered as ablation targets. Then, the user checks whether the needle insertion paths fulfill C2 using the software. If not, the insertion point is adjusted correspondingly until C2 is met. Specifically, we set a small sphere centered at the initial insertion point as a candidate insertion region and discretize it to a grid. The radius of the small sphere is obtained according to the rib spacing. The grid points are considered as the candidate insertion points. We traverse the candidate points to obtain a proper insertion point, making the insertion paths meet criterion C2. If there is no such insertion point found, we record the insertion path, which goes through the abdominal key structures, and interactively adjust the corresponding ablation sphere to a position near it, making the insertion path circumvent the key structures.
Then, C1 is checked again until a planning meeting both criterion is obtained.
Here, we give details of the SP algorithm. It is based on the hexagonal close packing (HCP) theory, 23 ie, the ablation spheres used to enclose the tumor are arranged according to the HCP. The HCP is one of the closest sphere-packing schemes in 3D space. 24 Figure 3A shows the top view of an example of the HCP in 3D, and the similar closest packing of circles in 2D is illustrated in Figure 3B . Although this packing arrangement is the closest, there are still unfilled areas, such as the yellow areas among the circles. To fill this gap, consider three packed circles with radii r as seen in Figure 3C . For each circle, we enlarge it by a scale k to R a with R a = r ⋅ kuntil the gap among the enlarged circles is eliminated. r is the radii of the packing sphere, while R a is the radius of the ablation sphere (R a = D/2, where Dis the diameter of the ablation sphere). Specifically, the key steps are as follows: , artery (red), venous system (dark blue), bone and skin (light brown), the rose sphere denoting the insertion point, the green sphere representing an ablation sphere, and the insertion path (white)
Step 1: Set the ablation sphere diameter; calculate the centroid [x 0 , y 0 , z 0 ]of the reconstructed 3D tumor; and set it as the center of the first packing sphere. Add the sphere to the packing sphere listL. Figure 3D shows an example of obtaining ablation targets with SP after this step.
Step 2 , calculate current AC and OA, and note that sphere S i is calculated with R a .
Step 3: As AC is the most critical factor of an effective treatment, the above sphere propagation process in Step 2 repeats until the tumor volume is completely enclosed by the packed spheres, ie, AC is larger than a threshold t AC , or AC does not change. Specifically, when traversing the current elements in L, AC is checked at each sphere propagation for each element in L. This process repeats until a satisfactory AC is obtained.
Step 4: Note that as we constrain the propagated sphere center inside the tumor, AC may be less than t AC when it does not change.
Under this circumstance, the user must interactively add more spheres to L near the boundary of the tumor in the 3D environment using the software to obtain a satisfactory AC. Figure 3E shows an example of obtaining ablation targets with SP after this step.
Step 5: When the added sphere is on the boundary of the tumor (no matter by Steps 2-4), it may include some normal tissues too. To reduce OA, the spheres on the tumor boundary are adjusted inwards towards the centroid of the tumor, under the condition that AC is still acceptable. The total volume of the packed spheres will fit more to the tumor with adjusting the spheres on the boundary of the tumor. This approach can decrease damage to normal tissues. Figure 3F shows an example of obtaining ablation targets with SP after this step.
| Robot design 2.2.1 | Mechanism design
We developed a robot with a novel spherical mechanism to achieve remote center of motion (RCM) of the RFA needle and realize a single insertion port on the patient's skin. The robot consists of a local positioning unit with a RCM mechanism (a spherical mechanism) and a global positioning unit with two motorized linear slides to achieve SIP. Specifically, RFA needle insertion has two steps, namely, first adjusting the needle to a desired direction and then guiding the needle to reach an ablation target along the direction. Correspondingly, our RCM mechanism includes two submodules, namely, the FIGURE 3 A, The hexagonal close packing (HCP) of uniform spheres in 3D. B, The closest circle packing in 2D. C, Enlarged circles (the light yellow ones) overlapped on the circles to fill completely the gap, the yellow area among the circles in (B). r is the packing sphere radii, while R a is the ablation sphere radii, R a = D/2. D, Ablation spheres generated with SP after step 1 on a non-long-thin tumor sized 88.3, 72, and 88 mm in axial, sagittal, and coronal planes, respectively, which is difficult to set ablation spheres interactively. E, Ablation spheres generated with SP after step 2 to 4. F, Ablation spheres generated with SP after step 5
rotational subassembly and the translational subassembly. Figure 5 gives the detailed design of the RCM mechanism. The rotational subassembly has two motorized spherical arches; it controls the orienta- 
| Kinematic modeling
The schematic representation of the RCM mechanism's kinematics is shown in Figure 7A . The proposed RCM mechanism for RFA needle insertion has three independent joints: two revolution joints and one Considering the transnational offset of the needle, the homogeneous transformation matrix from O to E can be described by FIGURE 4 A, The CAD model of the developed robot, including a RCM mechanism and two motorized linear slides; B, a real view of the robot FIGURE 5 Details of the RCM mechanism, which includes rotational subassembly and translational subassembly. The rotational subassembly consists of two motorized spherical arches. Each arch has a slot to place a pipe slider. The two arches create a rotational joint that controls the direction of the RF needle. The translational subassembly is to execute the insertion motion of the RF needle along the direction. It consists of a motorized ball screw system with a DC motor and ball screw, a gear-rack mechanism, RF needle, RF needle clamp, and the holding mechanism , Z ' axes of the tool frame E, respectively, s i and c i denote sine and cosine functions of q i , i = {1, 2, 3}, and
If [q1, q2, q3] are known, the coordinates [x' e , y' e , z' e ] of the RFA needle tip e in the spherical base frame O can be calculated by 
FIGURE 6
Robot system setup and the gap between the remote center of the RFA needle and the insertion port (insertion point) on the patient skin 
| RESULTS
We conducted experiments to evaluate the planning method, tested the accuracy of robot-assisted needle insertions through an ex vivo experiment, and further validated the system's feasibility in a clinical environment through an in vivo experiment on swine.
| Evaluation of planning
We tested our planning method on eight tumors (larger than 30 mm, with a 5-mm margin added) from 3D-IRCAD 25 (a public dataset of anonymized medical images of patients and manual segmentation of abdominal structures by clinical experts). We compared our method with a most similar method for tumor coverage planning in Yang et al. 10 In Yang et al, 10 ablation spheres are grown layer by layer along defined directions according to the surface edges of the present layer, in an attempt to enclose the entire tumor area that coincides with its contour. We implemented the method in Yang et al 10 and added quantitative evaluation for it. Quantitative comparisons are listed in Table 1 . Our method takes significantly fewer ablation spheres, as the HCP is more compact than that in Yang et al. 10 Furthermore, our method obtains an average OA of 51.3%, a reduction of 27% compared with that in Yang et al, 10 with the condition that the AC is nearly 99%.
In addition, our software provides users the option to select a preferred balance between the OA, AC, and number of ablations. This selection is up to the user and depends on the diameter of the ablation sphere set by the user. The larger the diameter, the fewer the ablation times and the greater the OA. Figure 8 shows the visual comparison of two ablation schemes with different ablation sphere diameters for a non-long thin tumor sized 88.3, 72, and 88 mm in the axial, sagittal, and coronal planes (Tumor No. 8 in Table 1 ) with the proposed method and that in Yang et al, 10 respectively. Figure 9 illustrates the 3D view,
showing the planning from a single incision, enclosing the whole tumor, and avoiding key anatomical structures. Compared with Yang et al, 10 the proposed method obtains a planning ablation volume that fits the tumor more completely with much fewer ablation spheres.
| Ex vivo experiment
An ex vivo experiment on a phantom model was conducted to test the effectiveness of our robot-assisted needle insertion system. The phantom model was a torso phantom with a soft liver made of silicon. The liver had three small spheres made of clay for tumors. The centers of the three spheres were marked with clay of a different color. On the cover of the phantom, a small hole was cut to allow the RFA needle to go through and a piece of fake skin made of silicon was attached to the top of the hole. The CT scans of the torso were obtained in ; tumor size is in units of mm; D is the diameter of the ablation sphere in units of mm; and N, AC, and OA denote the ablation times (the number of ablation spheres), ablation coverage, and over-ablation, respectively the Department of Diagnostic Imaging in the National University Hospital with dimensions of 512 × 512 × 219 voxels and spacing of 0.88 × 0.88 × 0.8 mm.
In the phantom study, the center point of the cut hole and the centers of the three clay spheres were set as the insertion point and ablation targets interactively by the software. Registration from the image space to the robot space was performed with two L-shape markers pasted on the torso and the robot, respectively. Figure 10A -F shows the key steps.
From the CT images, we reconstructed the L-shape marker on the patient and built the patient coordinate system P based on the marker.
The coordinates of the insertion point and ablation targets in the planning were generated with respect to P. For accurate robotic execution of the planning, a mapping between P and the robotic coordinate system R was required. For the phantom study, there was no target organ deformation, so we could use preoperative planning data for intraoperative treatment. Point clouds of the markers on the patient and the robot were acquired by a Kinect camera (Microsoft, Redmond, Washington, United States). Point cloud fitting and statistical range searching methods 26 were used to find the marker planes and build the intraoperative coordinate systems P and R, which were in the same global coordinate system. Then, coordinates of the insertion point and ablation targets in P were transformed to R by coordinate system transformation.
Then, the coordinates of the insertion point and ablation targets in R were used to guide the robot to execute needle insertions. In this experiment, the ablation needle mounted on the robot was not connected to the ablation device, as our aim here was to test the accuracy
FIGURE 10
The ex-vivo experiment. A, A slice image of the phantom model and the insertion point (red) and the ablation targets (green). B, 3D model of the tumor (rose red) and the phantom in 3D environment. C, Insertion point set interactively on the phantom. D, Patient coordinate system built according to the marker. E, Insertion point (rose red), three ablation spheres (green) set interactively overlapped on the tumor and the insertion paths (white). F, The three entry points to the three little spheres in the soft liver after the robot needle insertions FIGURE 11 A, Experimental setup for the in-vivo experiment in the CT room. B, The actual skin insertion ports in the swine, highlighted in the red circle. C, The swine liver taken out from the swine after the robot-assisted RFA of the needle insertions. After the experiment, we took out the fake liver and injected ink to the insertion path. The three black dots as in Figure 10F show the three entry points on the liver. Thereafter, the fake tumors were taken out of the silicon liver. To demonstrate the accuracy of this experiment, each tumor was split along the insertion trajectory. Since our targets were at the centers of the tumors, the execution errors, ie, the distances between the end point of the needle and the tumor centers, were measured approximately. We obtained an average execution error of approximately 2 mm, which is acceptable in the application of RFA needle insertion.
| In vivo experiment
Further, a swine study was performed to test the system's feasibility in a clinical environment. The study was under an approved animal protocol of Institutional Animal Care and Use Committee of National University of Singapore. The in vivo experiment was performed under anesthesia.
To further alleviate the physiological motion of the organs, the experiment was done on a CT table, immediately after CT scanning. Figure 11 A shows the experimental setup in the CT room. To make the internal organs' positions during the RFA the same as those in the CT image, the CT scan and the needle insertions were both conducted during the inhale phase of the swine. Following the same procedures as the phantom study, the single insertion point and three ablation targets were set by the surgeon with our software. The experiment was repeated three times, for a total of three insertion points, as seen in Figure 11B , and nine ablation targets were set. In this experiment, the ablation needle mounted on the robot was connected to the ablation device, and actual ablations were performed. Figure 11C shows the swine liver taken out from the swine after the robot-assisted RFA. The experiment demonstrated that our robot could perform multiple needle insertions through a SIP in the clinical environment. The robot had sufficient penetrative power and fulfilled the kinematics requirements for clinical practice. It also accommodated clinical requirements in regards to safety. The robot is intended for eventual use on humans ultimately; however, the current system is only a prototype. We will further optimize the structural design and complete the design of the system's entire packaging, so that the robot meets the requirements of sterilization in operating room.
| DISCUSSION AND CONCLUSION
Percutaneous radiofrequency ablation is an effective, minimally invasive treatment method for liver tumors. However, the accuracy of ablation planning, which is critical for successful treatment, is highly dependent Despite these advantages, our planning method has some disadvantages. First, it is not completely automatic. In our method, only Steps 1-3 of the SP algorithm run automatically, and user interaction is necessary for setting the initial insertion point, adding more ablation spheres when necessary, adjusting the ablation spheres on the tumor boundary, and making an option to select a preferred balance between OA, AC, and number of ablations. Thus, more automated steps would be beneficial.
Second, currently, the ablation region of a single needle is assumed to be a sphere in our algorithm. This assumption is a simplified geometric approximation that does not consider the effects of vasculature on the ablation region. With the advancement of graphics processing units, bioheat equation simulation-based planning may offer not only an accurate but also real-time estimation of the ablation zone for large tumors. In addition, our planning also depends on image segmentation, especially segmentation of the tumor. Currently, semiautomatic and automatic segmentation of liver tumors is still challenging due to their irregular shape, complex and heterogeneous densities. 27 Here, we used a manual segmentation dataset in 3D-IRCAD. Thus, semiautomatic and automatic segmentation methods for liver tumors will improve planning efficiency.
Successful RFA treatment not only depends on accurate planning but also on accurate needle placement. Recent advances in robotically guided interventions have been successful in assisting the placement of needles for some invasive surgeries. 28, 29 In addition, robotic singleport access surgery benefits patients, with fewer port-related complications, less recovery time, less pain, and minimal scarring compared with that for surgery with multiple-entry points. We designed a robot that could perform the single-port surgery according to the planning. The robot has five degrees of freedom, namely, two from the two linear slides for adjusting the position of the RCM mechanism, two from the rotational subassembly for changing the needle orientation, and one from the translational subassembly for the insertion movement. By integrating the proposed planning and L-shaped marker-based registration, the robot assisted needle insertion system could deliver preoperative planning to intraoperative robotic execution. The ex vivo experiment shows that the system's average execution error was approximately 2 mm, which is acceptable in the application of RFA needle insertion.
The in vivo experiment indicates the system's feasibility in a clinical environment. The system has sufficient penetrative power as shown in the in vivo experiment. An actual ablation needle connected with an actual ablation instrument is mounted on the robot and tested in our in vivo experiment; thus, it can interface with actual ablation instruments.
Through the phantom and animal experiments, we showed that the system could achieve multiple needle insertions through the SIP stably and accurately according to our planning. This approach greatly reduces the dependence on the surgeon's experience and the invasiveness of the RFA procedure. The system is also beneficial for the standardization of RFA for large tumors. The robot-assisted needle insertion system makes RFA treatment more predictable and reproducible for large tumors. In future studies, we plan to inject a temperature-sensitive gel into pig livers as a tumor model and test multiple overlapping ablations for both large tumors and irregularly shaped tumor models with heating processes to obtain more quantitative data. 
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